The aim of this work is to create a biocompatible superparamagnetic nanocomposite applicable as vehicle for magnetically guided drug delivery. Both materials, the nanostructured silicon as well as the iron oxide nanoparticles offer low toxicity. Therefore Fe 3 O 4 -nanoparticles have been incorporated within nanostructured silicon. The iron oxide nanoparticles have been synthesized in solution and then were either filled in or chemically grown within the pores. The magnetic properties of the system have been optimized concerning the blocking temperature T B and the magnetic moment M, which are conflicting parameters. A particle size/distance and template dependent assessment of the magnetic properties of the nanocomposite will be presented. Although the growth of iron oxide particles within the porous template is not easy to control, the blocking temperature of the composite could be achieved far below room temperature.
Nanostructured silicon is versatile in its applicability due to the possibility to modify the structure size in a broad range between a few nanometers and a few tens of micrometers. Since porous silicon has been shown to be biodegradable and biocompatible 1 numerous scientists use this material within this realm. Furthermore it is crucial to point out that the dissolution of porous silicon in body fluid strongly depends on its porosity. 2 In many works, molecules DNA or anti-cancer agents are attached to the pore-walls of porous silicon microparticles to bring these carriers to specific regions within the body. 3 Another key topic is biosensors which are mainly based on optical detection. Due to the fact that the refractive index of porous silicon is tunable by the anodization conditions, layered porous structures with varying refractive index can be fabricated which provides the possibility to trap molecules with different sizes. 4 The functionalization of drug-loaded porous silicon with fluorescent material allows to detect drug-release within the body or luminescent microporous silicon can be used for this purpose 5 which is an advantage compared to heavy-metal containing quantum dots being in general toxic. A further potential is the application of porous silicon in tissue engineering 6 since it has been found to support living cultures of mammalian tissue. 7 Trapping of nanoparticles (e.g. Fe 3 O 4 ) by oxidation of the porous silicon is realized by shrinking of the pore-diameters due to the oxidation of the pore walls and thus enclosing the particles within the pores. Surface modification of the porous silicon templates for example by oxidation can change the nature of porous silicon from hydrophobic or hydrophilic. SiO 2 offers a negative surface charge and thus coulomb forces can attract positive ions 8 which means that the nature of surface chemistry can affect the strength of attachment of a molecule to the porous silicon surface.
Due to the variability of the morphology pore-filling with various materials such as magnetic ones is also of interest. The fabrication of three-dimensional magnetic nanostructure arrays within a semiconducting template could enable the integration in microtechnology exploiting e.g. the spin dependent electron transport. At the same time the filling of the pores with non-toxic iron oxide nanoparticles allows the utilization of the system for biomedical applications. It has been shown that porous silicon microparticles filled with superparamagnetic iron oxide nanoparticles can be used for enhanced magnetic * Electrochemical Society Active Member.
z E-mail: petra.granitzer@uni-graz.at resonance contrast. 9 No cellular in vivo toxicity has been observed as well as the elimination of the material after 4 -8 h in vivo. 9 Magnetic nanoparticles, especially iron oxide have attracted attention for many years. Due to their non-toxic behavior they are utilized in various biomedical applications for diagnostics as well as therapeutics e.g, MR imaging 10 or drug carriers.
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The combination of porous silicon and iron oxide nanoparticles to form a vehicle for targeted drug delivery and their subsequent sustained release, thanks to the properties of the involved components, is a promising candidate for another biomedical application.
Experimental
The porous silicon templates have been fabricated by anodization of a highly n-doped silicon wafer in a 10 wt% solution of hydrofluoric acid. The current density has been kept constant at 100 mAcm −2 to achieve pores with an average diameter of 60 nm. The corresponding mean distance between the pores is 50 nm. In Figure 1 such a typical porous silicon sample is shown. Since the as-etched porous silicon offers an H-terminated surface and thus hydrophobic properties, all samples have been aged in air for several days to achieve a native oxide layer covering the pore-walls. To achieve porous silicon microparticles the porous layer has been removed mechanically from the silicon substrate and subsequently has been milled and filtered to achieve particles of about 2 μm.
Fe 3 O 4 nanoparticles have been fabricated by high temperature decomposition method after a common route 12 to produce monodisperse nanoparticles. All particles are coated with oleic acid to avoid agglomeration and for stabilization and they are dispersed in hexane solution. In this work particles of 4, 5, 8 and 10 nm have been investigated. The infiltration has been carried out by adding the particle solution dropwise on the porous silicon surface. To facilitate this process a magnetic field has been applied. The infiltration has been investigated with respect to the amount of particles within the solution.
A further approach to incorporate iron oxide within the pores of porous silicon templates is the growth of particles by electrodeposition. As electrolyte an iron nitrite solution (Fe(NO 3 ) 3 ) has been used and the deposition has been performed in galvanostatic mode with a constant current density of 10 mAcm −2 . For structural characterization of the samples scanning electron microscopy (SEM) has been employed as well as energy dispersive Xray (EDX) spectroscopy and mapping to get a survey of the distribution of the different elements. Magnetic measurements have been carried out with a superconducting quantum interference device (SQUID) and a vibrating sample magnetometer (VSM). The magnetic field has been varied between ± 1 T. A temperature range between 4 and 300 K has been used for the temperature dependent measurements.
Discussion
The purpose of this work is to investigate a porous silicon/Fe 3 O 4 nanocomposite which could be used for magnetically guided drug delivery with respect to its magnetic properties. On the one hand the magnetic moment should be as high as possible which means a maximum loading of the pores. On the other hand the transition temperature between superparamagnetic behavior and blocked state, the so-called blocking temperature, should be far below room temperature to guarantee that the specimens offer no remanence after switching off the magnetic field.
One advantage of porous silicon beside the required biocompatibility is the high surface area. Dependent on the pore-size and the thickness of the layer the surface area of mesoporous silicon is in the range of a few 100 m 2 /cm 3 . This allows an appropriate functionalization 13 with high efficiency and the subsequent loading with a high amount of drugs within one porous silicon microparticle. From this point of view porous silicon microparticles are adequate to be used for the purpose of a nanovehicle. As-etched porous silicon offers a hydrophobic behavior due to the hydrogen termination of the surface and thus the samples are oxidized by aging in ambient air. Fourier transform infrared (FTIR)-spectroscopy gives evidence of the oxidation.
14 Si-H bands around 2100 cm −1 are present in the as-etched samples. The further occurring Si-OH modes around 1635 cm −1 disappear if the samples are oxidized and oxide bands around 2250 cm −1 appear.
14 Fe 3 O 4 nanoparticles of 8 nm in size have been infiltrated within the porous layer in dependence on the concentration of the particle solution and also on the particle size. The infiltration time has been 20 min. The small particles (4 and 5 nm) are loaded down to the poretips within this time frame, whereas, with increasing particle size, the filling of the pores decreases which means that the filling does not reach the bottom of the pores. A modification of the concentration of the particle solution (dilution with hexane) influences the infiltration process. An increase of the infiltration depth with decreasing concentration can be seen.
EDX spectra taken at the cross-section of the samples near the pore-tips show the dependence of the infiltration depth on the particle amount in the solution (Figure 2 ). The infiltration time has been the same for all these experiments. In enhancing the infiltration time, the pores could be also filled down to the tips in the case of the higher particle amount.
The infiltration of the particle solution is caused by capillary forces in the pores and it is influenced by the amount of particles in the solution. A further possibility to facilitate the filling is the application of a magnetic field (B ∼ 1 T) during the infiltration procedure.
Magnetic measurements have been performed as a function of particle size and the particle concentration (Figure 3) . One key feature is the blocking temperature T B of the systems which has been determined by zero field cooled/field cooled (ZFC/FC) measurements. First the samples have been cooled down to 4 K without magnetic field. Then a magnetic field of 500 Oe has been applied and the samples are warmed up to 300 K and subsequently cooled down to 4 K again. Systems filled with small particles of 4 or 5 nm show blocking temperatures of about 10 and 15 K, respectively. The minimum distance between the particles, of about 4 nm, determined by the shell in the case of closed packed filling, is sufficient to suppress dipolar coupling between the particles. Composites containing bigger particles of 8 and 10 nm in size offer blocking temperatures of about 160 and 170 K, respectively. The quite high values are due to occurring magnetic interactions. The individual particles offer a greater magnetic moment and thus the oleic acid shell of about 2 nm around each particle cannot avoid magnetic interactions which induce a higher blocking temperature in the case of dense pore-filling. T B of smaller particles (4 and 5 nm) is around 10 and 15 K, respectively. This arises because of the smaller particle size, which do not interact magnetically among each other. The blocking temperature of chemically grown iron oxide within the pores is around 40 K which indicates that the deposited structures do not exhibit dipole coupling.
The temperature dependent measurements of all investigated samples show that there is no magnetic remanence above room temperature which is one precondition for biomedical applications. Field dependent magnetization measurements performed at T = 300 K of particles of different sizes within porous silicon also show the nonexistence of the remanence (Figure 4 ). Furthermore it can be seen that the magnetization decreases with decreasing particle size. Nevertheless all investigated samples offer a magnetization which is sufficiently high to move the nanocomposites with a magnet in water. For this verification a NdFeB magnet with a pole field strength of 1 T has been used. The samples have been easily moved in a water filled Petri dish of 100 mm in diameter and 25 mm in height, whereat the distance between sample and magnet has been between 10 and 20 mm.
Cytocompatibility measurements of porous silicon and of iron oxide nanoparticles has been presented by various authors 3, 8, 15, 16 in different works. The cytocompatibility of porous silicon/Fe 3 O 4 composites containing different particle sizes has been investigated recently, whereas a cell viability higher than 90% has been found. 17 
Conclusions
The presented nanocomposite system consisting of a porous silicon template and infiltrated Fe 3 O 4 nanoparticles has been investigated as a function of the magnetic preconditions required for biomedical applications. Investigations have been performed in dependence on the particle size (4, 5, 8, 10 nm) as well as on the concentration of the nanoparticle solution. The infiltration process has been elucidated and optimized to achieve as high as possible particle loading within the pores. In the case of bigger particles (8, 10 nm) the particle solution has to be diluted to facilitate the loading process. A further possibility to improve the filling fraction of the pores is the application of a magnetic field to support the capillary forces. The magnetic characterization of all samples show that there is no magnetic remanence at room temperature, the blocking temperature is far below 200 K. The magnetization decreases with decreasing the particle size, however in all cases it is still sufficient high to move the samples in water in a Petri dish. All investigations show so far that the system is appropriate to be used in biomedical applications and thus could be promising for magnetically guided drug delivery.
